It has been reported that gravitational unloading by actual spaceflight [1] [2] [3] or simulation models, such as hind limb suspension of rats [3] or human bed rest [4, 5] causes atrophy in antigravity muscles. These responses are more profound in slow-twitch than in fasttwitch fibers of ankle plantarflexor muscles [2, 3] . It is clear that changes of the muscular properties following gravitational unloading are caused by the decreased normal activity. However, it is not necessarily known what the key factor is for such muscle-specific effects of gravitational unloading. Therefore the effects of various kinds of activities-such as electrical activity estimated by an electromyogram (EMG) recording, contractile activity induced by electrical stimulation at low or high frequencies, and length-related loading on the muscles-on the properties of hind limb muscles were studied in the present investigation.
the concentration, in rat hind limb muscles decreased following spaceflight [7] and hind limb suspension [8] . However, an elevated protein or decreased water concentration in atrophied muscles caused by hind limb suspension was also reported [9] [10] [11] . Muscle atrophy caused by denervation or deafferentation was directly related to the loss of protein [12] . This discrepancy may have been caused by the difference of the magnitude of loss of protein and water contents. Therefore, the comparison of either protein or water content expressed as the concentration is not suitable for an estimation of the actual response. The absolute values of both water and protein must be used. It is not clear either how the quantitative contents of both water and protein in skeletal muscles are influenced by gravitational unloading.
Spaceflight-induced muscle atrophy is accompanied by a shift of muscle fiber type from slow-to fasttwitch type [2, 3] . If such an alteration is associated with the fiber-type-specific enzymatic characteristics [13] , the muscles may have decreased mitochondrial enzymes and increased or unchanged cytoplasmic enzyme levels after spaceflight or hind limb suspension. However, it is unclear how the metabolic enzymes and other proteins respond to a reduced use of muscles. Therefore, protein and water contents were measured, along with the activities of mitochondrial enzymes, ␤-hydroxyacyl CoA dehydrogenase (HAD) or citrate synthase (CS), and a glycolytic enzyme, lactate dehydrogenase (LDH), in the hind limb muscles of rats.
Here we report that the cause of muscle atrophy and changes in metabolic properties may be a decreased tension development, not necessarily the reduction of electrical or contractile activity of muscle. It is also suggested that the major cause of the decreased muscle weight was a loss of water, even though protein content was also lowered after suspension. Mitochondrial enzyme, HAD, was more susceptible to suspension relative to the level of total protein or cytoplasmic enzyme, LDH. Further, it is clearly suggested that an electrical stimulation of a muscle group with different composition of fiber phenotype at a certain pattern or frequency is not suitable for the countermeasure.
METHODS
Experimental design. The effects of hind limb suspension with or without electrical stimulation on water and protein contents and the enzyme activities of hind limb muscles were studied in rats. The changes in muscle length and EMG activities throughout the experiment were also determined to investigate the mechanism responsible for the regulation of morphological and/or metabolic properties of muscles. All experimental procedures were conducted in accordance with the Japanese Physiological Society Guide for Care and Use of Laboratory Animals. The study was also approved by the Committee on the Animal Care and Use at the university and at the National Space Development Agency of Japan.
Experiment I. Male Wistar rats (5 weeks old) with mean body weight of 115 g were randomly separated into three groups (nϭ5 each). The hind limbs in the experimental group were suspended for 1 week as was reported previously [14] by the use of a modified method of Musacchia et al. [11] . Control rats were housed individually in stainless steel cages. They were pair-fed 20 g of powdered diet, which is composed of 25.3% protein (CE-2, Nihon CLEA, Tokyo), and supplied water ad libitum. The rats in the experimental group could eat food and drink water freely by using their fore limbs. Room temperature and humidity were maintained at approximately 23°C and 55%. A 12 : 12-h light : dark cycle was also maintained.
Analysis of electromyogram. Electrode implantation was performed after anesthesia with an I.P. injection of sodium pentobarbital (5 mg/100 g body weight). Detailed descriptions of the implant procedures have been published elsewhere [15, 16] . Briefly, a skin incision was made along the sagittal suture of the skull after shaving and cleaning with betadine. The exposed skull was dried and a head plug connector firmly anchored to it with screws and dental cement. Nine enamel-insulated constantan wires with 80 m diameter were led subcutaneously from the connector to the hind limb.
The left soleus, plantaris, lateral gastrocnemius, and tibialis anterior (TA) were exposed, and the blood and nerve supplies were kept intact. Bipolar electrodes were implanted into each muscle. The wires were inserted by threading them individually through a 23-gauge hypodermic needle. The needle was carefully withdrawn and the insulated wire stripped (ϳ0.5 mm). The section of the wire, with the insulation removed, was implanted into the midbelly of each muscle. Two wires were inserted in parallel with the muscle fibers (ϳ2 mm apart). Each was secured with a suture at its entry and exit from the muscle so that the stripped portion of the wire was fixed in the muscle. A wire for the common ground was also implanted at the lower back region. The skin was then sutured. A topical antiseptic (nitrofurazone, Furacin) was applied to the incision area, and tetracycline (50 mg/100 ml) was added to the drinking water on the day before surgery and during the following 2 d to prevent infection.
The EMG recordings were performed after a couple of days of complete recovery from the anesthesia and surgery. EMG activities were recorded before hind limb suspension (at rest on the floor) and during suspension. In the control rats, the same recordings while they were at rest on the floor were also performed at the end of a 1-week experiment. The exposed portions of wires at the head plug were connected to the recorders with flexible insulated cables. Each signal was amplified (ϫ1,000, band width of 5 Hz to 3 kHz, AB-621G, Nihon Kohden, Tokyo) and recorded on a FM cassette tape recorder (at 2.5 kHz, XR-5000, TEAC, Tokyo) at 4.8 cm/s and on a polygragh paper recorder.
The amplified raw EMG signals stored in the cassette tape recorder were processed by a PowerLab/ 16sp analog-to-digital (A/D) converter (ML795, AD Instruments Inc., Castle Hill, Australia), at 2 kHz per channel, and stored on disk (Power Mac G3 computer, Apple, Cupertino, CA, USA). The integrated areas of the burst (IEMG) were determined by the use of computer software (Chart v3.6.1/s, AD Instruments Inc.). The total mean EMG activity per hour was calculated as IEMG times the number of bursts and normalized per hour [17] .
Analysis of muscle length. The rats in both groups were video filmed (DCR-TRV9 NTSC, SONY, Tokyo) at 60 frames per second daily, and the mean angles of ankle joints during quadrupedal rest and bipedal standing on the floor in the cage control group and during suspension in the experimental group were determined by the use of frame-by-frame analysis. The relationships between the angle of ankle joint and the lengths of the soleus, gastrocnemius, and TA were also analyzed in some extra control rats. The hind limb muscles were exposed, and the lengths of the soleus, gastrocnemius, and TA at various angles of the ankle joint were measured. By using these data, we estimated the mean lengths of these muscles in the control and the suspended rats.
Tissue analyses. Tissue samples were taken from rats anesthetized with I.P. injection of sodium pentobarbital (5 mg/100 g of body weight). Rats in the experimental group were anesthetized when they were still suspended to avoid any effects of the acute use of muscles. Soleus, plantaris, gastrocnemius, TA, and extensor digitorum longus (EDL) muscles were sampled from the right hind limbs. The muscles from the left limb were not used for tissue analyses to avoid any effects of damage caused by the implantation of electrodes. The muscles were cleaned and wet weight was determined. The soleus, plantaris, and EDL were cut into two pieces, and half of each muscle was used for measuring water content by drying the samples, until a stable weight was obtained, at 64°C for 2-3 d. Adrenals were also sampled and wet weights measured to estimate the degree of stress.
The remaining half of the muscles was homogenized in 175 mM potassium chloride, 10 mM Tris-hydrochloride, and 2 mM ethylenediaminetetraacetic acid (pH 7.2) in glass homogenizing tubes. An assay for LDH activity [18] was performed immediately. The activity of HAD [19] was measured after the samples were frozen at Ϫ80°C and thawed three times [20] . Protein determination [21] was also performed in these homogenates. Significant correlations were observed between the percent contents of protein and dry weight (rϭ0.95, pϽ0.05) and of protein and water (rϭϪ0.92, pϽ0.05).
Experiment II. The effects of muscle contraction at low or high frequencies during hind limb suspension were studied in male Wistar rats with mean body weight of 200 g. The rats were randomly divided into three groups (nϭ5 each): (1) suspendedϩsham-operated (SC); (2) suspendedϩstimulated at 1 Hz (SS-1); and (3) suspendedϩstimulated at 100 Hz (SS-100). Each rat was hind limb-suspended, as in experiment I.
After anesthesia with an I.P. injection of sodium pentobarbital, the implantation of an electrode for electrical stimulation and the hind limb suspension were performed. For a stimulation apparatus, two 30-gauge silver wires were fixed along the inside of a half-tygon tubing (6 mm length and 1.5 mm inner diameter). The wires, except the portion (a 4 mm length) to be contacted with nerve fibers, were insulated with enamel coating, and the wires that extended from the tygon tubing were encased in silastic tubing. This apparatus was placed around the sciatic nerve fibers at the left gluteal region, and the other ends of the wires were connected to a stimulator (SEM-7203, Nihon Koden). The skin was sutured.
An electrical stimulation was performed in two groups (SS-1 and SS-100), alternating the anode and cathode for each stimulation to avoid polarization at the electrodes. The stimulation intensity (voltage) was set to the maximum at which the rats did not respond because of pain, and it was readjusted every 2 h. A twitch stimulation was performed for group SS-1 at 1 Hz (100 s pulse duration) 8 h/d for 10 consecutive days. Group SS-100 was stimulated by a 2-s train stimulation at 100 Hz with a 1-s interval for a total of 8 h/d (2 sets of 4-h stimulation with a 6-h interval). The electrode apparatus was placed in the same way for group SC, but was not stimulated electrically.
After 10 d, all rats from the three groups were lightly anesthetized with sodium pentobarbital when they were still suspended to avoid any effects of the acute use of muscles on the floor. After body weight measurement, soleus, gastrocnemius, plantaris, TA, and EDL were sampled from both limbs. The wet weight was measured immediately after the fat, nerves, and large blood vessels were trimmed. A portion of the muscle was used for the measurement of water content and dry weight, weighing muscle before and after drying at 64°C for 2-3 d. The activities of CS [22] and LDH were analyzed in the whole homogenates of the remaining portions of plantaris and TA in group SS-1.
All data were expressed as meanϮSEM. The statistical significance was examined by an analysis of variance followed by Scheffe's post hoc test for a comparison of more than three groups. An unpaired t-test was used for the comparison of data between the suspended and age-matched control groups in experiment I. Further, a paired t-test was performed to compare the data between the experimental and contralateral muscles in experiment II. Statistical significance was accepted at pϽ0.05.
RESULTS

Experiment I
Body weight and organ weight. The mean body weight changed from 115Ϯ1 to 125Ϯ2 g (pϾ0.05) and to 191Ϯ7 g (pϽ0.05) in the suspended and control groups, respectively, within 1 week (data not shown). Although the absolute weights of all control rat muscles increased significantly within 1 week (pϽ0.05), the percent weights relative to body weight were unchanged, indicating that the growth of skeletal muscles was proportional to the body weight gain (Fig. 1) . However, the ankle plantarflexors, soleus, plantaris, and gastrocnemius muscles atrophied following hind limb suspension. The wet weights of soleus, plantaris, and gastrocnemius in suspended rats were approximately 33, 27, and 26% less than the presuspension levels (pϽ0.05). The wet weights of these muscles were also 71, 56, and 55%, respectively, less than the mean values of the age-matched controls (pϽ0.05). The weights of these muscles relative to the body weight were lower in the suspended than in the age-matched control group by approximately 30% (pϽ0.05).
Although the wet weights of the antagonists, TA and EDL, of the suspended rats were also less than those of the age-matched controls (pϽ0.05), the weights did not change relative to the presuspension levels (Fig. 1) . The weights of TA and EDL in the suspended group were less than those muscles in the agematched controls (approximately 46 and 43% in the absolute weight and 16 and 13% in the relative weight, respectively, pϽ0.05).
No statistical significance was observed in the absolute adrenal weight between the suspended and control groups (Table 1 ). The percent weight relative to body weight, however, was greater in the suspended rats than in the control rats (pϽ0.05).
Water and protein contents. The suspensionrelated loss of total water content (mg) in soleus, plantaris, and EDL was approximately 41, 94, and 37 mg, respectively (Fig. 2) . That of protein was 6, 10, and 3 mg, respectively. The percent contribution of water loss to the difference of the muscle weight between the age-matched control and suspended groups was 85, 88, and 93% in soleus, plantaris, and EDL, respectively, and that of protein was 15, 12, and 7%, respectively. It is suggested that the magnitude of water loss was greater than that of protein loss in all muscles (pϽ0.05). Therefore the concentration of protein in soleus and plantaris tended to be elevated by suspension (pϾ0.05). The decrease in the percent of water and increase in the percent of protein after suspension was significant in EDL (pϽ0.05). Enzyme activities. The activities of HAD in soleus, plantaris, and EDL muscles were less in the suspended rats than in the control rats (Fig. 3) . This was true when the enzyme activities were expressed per whole muscle, of wet weight, and/or mg of protein (pϽ0.05). The difference in the activity was greatest in the soleus muscle. No significant difference between the two groups was found in the specific activity of LDH of all muscles, but the total level of LDH in whole muscle was significantly lower in the suspended rats than in the control rats (pϽ0.05).
To investigate whether metabolic enzymes are as responsive as other proteins, the relationship between muscle protein and enzyme levels were examined. A significant positive correlation between total protein and the total levels of HAD (rϭ0.66) and LDH (rϭ0.87) measured in whole homogenates of soleus and plantaris muscles (pϽ0.05, Electromyogram activities. The EMG activities of plantarflexors, soleus, plantaris, and lateral gastrocnemius, decreased 76, 76, and 52%, respectively, immediately following hind limb suspension (Fig. 4,  pϽ0.05 ). These levels were maintained lower than the presuspension levels for up to 4-6 d, then tended to recover. The EMG of soleus, especially, was normalized on the 7th day. The EMG activity of the dorsiflexor, TA, was even increased ϳ81-182% following suspension (pϽ0.05). The activity of TA remained high throughout the 1-week suspension.
Muscle length. Significant changes in the length of the soleus and the gastrocnemius were noted when the angle of the ankle joint was altered (Fig. 5) . ure 5 shows the muscle length at different ankle joint angles. The data indicate that soleus and gastrocnemius were shortened approximately 10 and 9 mm (59 and 36%, respectively), when the ankle joint was plantarflexed at 160°relative to the length during quadrupedal rest on the floor. The length of TA, on the contrary, was even increased by plantarflexion. The TA was stretched approximately 3 mm (11%) when the angle of ankle joint was changed from 30 to 160°.
Experiment II Muscle weight. The effects of electrode implantation without electrical stimulation on wet and dry muscle weights and water content in hind limb muscles were not observed (data not shown). The electrical stimulation at 1 Hz, however, caused a detrimental effect. Both dry and wet weights and the water content of hind limb muscles, except the dry weight of soleus, stimulated at 1 Hz tended to be even less than those in the contralateral side (Fig. 6) . Even though the magnitudes were variable, these parameters in plantaris, gastrocnemius, TA, and EDL were less than those in the nonstimulated control muscles with or without statistical significance.
The effects of stimulation at 100 Hz were beneficial for the fast-twitch muscles relative to those stimulated at 1 Hz (Fig. 7) . The dry and wet weights of the ankle plantarflexors, plantaris and gastrocnemius, in the stimulated limb were still less than those in the control limb, even though the magnitudes of the differences between the two limbs were less than in those muscles stimulated at 1 Hz. The 100 Hz stimulation induced better effects on the dorsiflexors, TA and EDL, even though hypertrophy was not observed. However, a significant reduction of dry weight was induced in slow-twitch soleus (pϽ0.05). Enzyme activities. Electrical stimulation at 1 Hz had no effects on the activities of both mitochondrial and cytoplasmic enzymes in fast-twitch ankle plantarflexor plantaris (Table 3 ). The specific activity of CS in fast-twitch ankle dorsiflexor TA, however, was significantly elevated relative to that in the contralateral muscle (pϽ0.05), even though LDH activity was unaffected. sion was induced in the ankle plantarflexors following a suspension of hind limbs for 1 week in the current study. And the wet weights of the plantarflexors and dorsiflexors in the suspended group were less than those in the age-matched controls. However, neither atrophy nor growth was significant in the dorsiflexors. These data indicate that a suspension of hind limbs caused growth failure in TA and EDL, although these muscles did not atrophy as was reported previously [10] . Furthermore, the percent difference of muscle weights between the suspended and control groups was similar in each group of muscles (soleus-plantaris-gastrocnemius and TA-EDL). These results do not necessarily agree with the previous studies, which reported that atrophy in skeletal muscles following spaceflight [1, 2] and/or hind limb suspension [10, 11, [23] [24] [25] is greater in slow-twitch red than in fast-twitch white muscles. Atrophy or growth failure of muscles may be influenced by stress caused by suspension. The percent adrenal weight relative to body weight was greater in the suspended group than in the control group (pϽ0.05), although significant hypertrophy was not observed in the absolute weight (Table 1) . These results agree with the findings reported previously [26] , suggesting that hind limb suspension was stressful. But the responses to suspension were different between plantarflexors and dorsiflexors, although the plantarflexors responded similarly regardless of fibertype composition. Significant atrophy relative to the presuspension level was induced in both slow-twitch soleus and fast-twitch gastrocnemius and plantaris. Therefore the muscle-specific atrophy may be mainly influenced by some factor(s) other than stress.
One of the causes for the atrophy might be the suspension-related decrease in the mechanical, electrical, and/or metabolic activities of muscle. Therefore the EMG activity and muscle length during suspension were analyzed to estimate the muscular activity in the present study. As a result, both EMG activity and muscle length of plantarflexors were reduced immediately and generally maintained low during hind limb suspension, even though the EMG levels of plantarflexors, especially soleus, tended to be normalized at the end of a 1-week unloading. A passively shortened muscle does not develop tension, even when the EMG is present [27] ; therefore atrophy may be still induced (current study, Nomura et al. [28] , and Winiarski et al. [29] ) because of the inhibited mechanical activity.
The daily activity of rat soleus muscle estimated by recording EMG is approximately 20 times greater than that of TA [15] . Since the EMG activities of plantarflexors, including soleus, disappear and those in TA are even increased (current study, Alford et al. [15] , and Nomura et al. [28] ), plantarflexors may be more affected than dorsiflexors during unloading. Such difference in the EMG activity does not, however, indicate a possible mechanism for muscle atrophy, because the degree of atrophy was identical between soleus and gastrocnemius in the current study, even though the daily EMG activity of cage control rats is 10 times greater in soleus than in medial gastrocnemius [15] .
Although the EMG activity was normalized gradually during suspension, significant atrophy was observed in these muscles (current study, Nomura et al. [28] , and Winiarski et al. [29] ). This result indicates that muscles are active electrically, but tension production may be limited because the hind limbs are suspended and ankle plantarflexors are passively shortened. A shortening of muscles and/or decreased tension production may also inhibit the afferent input that plays an important role for the regulation of muscle mass [12, 27] .
Ankle joint movement affected the length of dorsiflexor TA less, because the distal tendons are stabilized by the retinaculum mm. extensorum superius. The TA was even stretched slightly by plantarflexion of the ankle. This might be one major reason why the dorsiflexors do not atrophy in a weightless environment or during hind limb suspension. Therefore the EMG activity may be increased and the muscle does not atrophy. Muscle contraction during hind limb suspension induced by electrical stimulation caused a detrimental effect. Muscle atrophy progressed more than the nonstimulated contralateral side. Although the stimulation at low frequency may be optimum for slow-twitch muscle soleus, the data indicated that a stimulation at 1 Hz caused greater atrophy in fast-twitch muscles, especially plantarflexors. But the degrees of suspension-related atrophy in the fast-twitch muscles, especially in dorsiflexors, were less when the muscles were stimulated at 100 Hz.
As stated above, plantarflexors are passively shortened and dorsiflexors stretched during suspension. Tension is not developed by shortened plantarflexors, even when EMG is present [27] . A suspension-related atrophy of plantarflexors was prevented when the muscles were stretched passively by plaster fixing of the ankle joint at a dorsiflexed position [30] . It is also indicated that forced contraction through electrical stimulation is not beneficial if the muscles are shortened and tension is not developed.
The activation of mitochondrial enzyme CS by stimulation at 1 Hz in TA, not in plantaris, may be also related to tension development. Although both muscles are fast-twitch, tension development in response to stimulation is possible only in TA. A passive shortening of ankle plantarflexors causes a reduction of ATP turnover rate [31] . It is also reported that a decrease in ATP turnover rate causes a reduction of mitochondrial biogenesis [32] . Therefore the increase of CS activity in TA following stimulation may be associated with the tension-development-related stimulation of ATP turnover rate. A shortening-related decrease in tension development also causes a reduction of afferent input [12, 27, 33] , which may play a role in the regulation of muscle properties. These data suggest that the cause of muscle atrophy and changes in metabolic properties may be a decreased tension development and/or afferent input, not necessarily the reduction of electrical activity detected by recording EMG or of contractile activity itself. Further, it is clearly suggested that an electrical stimulation of a muscle group with different composition of fiber phenotype at a certain pattern or frequency is not suitable for the countermeasure.
A fluid shift toward the head and decreased leg volume are common phenomena experienced by astronauts in space [34] . The head-down tilt position is usually used to simulate the fluid shift in human exposed to weightlessness [4, 5, 35] . It is unclear, however, whether a similar fluid shift toward the head occurs and water content in the hind limb muscles decreases in rats exposed to the weightless environment as they do in humans. A puffy face was observed in rats 2-3 d after suspension. Although this phenomenon was normalized by the end of the experiment, fluid loss in the hind limb muscles may be still progressed because of the suspension and plantarflexion of ankle joints. The mean body weight of suspended rats was 66 g (35%) less than controls. Therefore besides the shift of body fluid, the total amount of body fluid may be lost at around the 7th day of suspension.
The percent contribution of water loss to the difference of the muscle weight between the age-matched control and suspended groups was 85, 88, and 93% in soleus, plantaris, and EDL, respectively, and that of protein was 15, 12, and 7%, respectively. Since the magnitude of water loss was greater than that of protein loss, the concentration of protein in the hind limb muscles was even elevated after suspension. The data strongly suggest that the reduction of muscle weight was mainly caused by decreased water content in muscle, which may be closely related to whole body water loss and redistribution. The secretion of aldosterone, which ensures the retention of sodium and water within the body, from the adrenal gland is stimulated in response to stress. However, the data suggested that water loss in the hind limb-suspended rats was not prevented, even though in the present srudy the level of aldosterone was not analyzed. The greater the concentration of protein, the lower the specific enzyme activities per mg protein (Table 2) . This phenomenon may be also related to the greater water loss, which increases the concentration of protein.
The results obtained in the current study suggest that the mitochondrial and cytoplasmic enzyme levels in whole muscle both decrease when total muscle protein content is lost. But the specific activity expressed as mol/min/g wet weight or nmol/min/mg protein decreased only in mitochondrial enzyme, HAD. Lowered activities of oxidative enzymes following spaceflight or hind limb suspension are also reported [1, 23, [36] [37] [38] . But some studies showed that oxidative enzyme activities in single muscle fibers were either unchanged or even increased [2, 3, [39] [40] [41] . These results indicate that decreases in the fiber size progress in parallel with those of oxidative enzymes, or that the fiber atrophy advances more than the reduction of enzyme levels. Even though muscle fibers atrophy, the content of connective tissue is not affected generally. Therefore the specific activities, expressed as either mol/min/g wet weight or nmol/min/mg protein, of enzymes analyzed in whole muscle homogenates are less in the atrophied muscle.
The specific activity of LDH did not change significantly in the present study, as was reported by Des-planches et al. [23] . However, the total LDH level in whole muscle decreased when protein content was lost, and the degree of decrease in LDH level did not exceed the rate of muscle atrophy or protein loss. Its activity expressed per g of wet weight or per mg of protein was thus identical in muscles with and without hind limb suspension.
Even though muscle fiber phenotype in slow-twitch soleus is shifted toward a fast-twitch type following spaceflight or hind limb suspension [3] , such a transformation of fiber phenotype is not induced in fasttwitch plantarflexor [42] or dorsiflexor [43] . The specific activities of HAD decreased in both slow-(soleus) and fast-twitch muscles (plantaris and EDL). And those of LDH remained unchanged in all muscles. Thus it is suggested that the adaptation of enzymatic profiles is not necessarily fiber-type-specific, even though slow-twitch muscle is more susceptible to unloading [1, 2, 10, 11, [23] [24] [25] . It is also suggested that the magnitudes of the reductions of LDH and protein levels were similar, but the decrease of HAD level was greater than that of total protein. Further, the percent contribution of protein loss to the suspension-associated weight change tended to be in the order of soleusϾplantarisϾEDL. A greater loss of protein in slow-twitch soleus may be related to the enhanced decrease of mitochondrial protein suggested by the response of HAD in the current study.
In conclusion, the mechanisms responsible for the morphological and metabolic adaptation of skeletal muscles to the removal of antigravity activity were investigated in rats. Significant atrophy relative to the levels before suspension was induced in ankle plantarflexsors; this may be due to a reduced tension production caused by decreased muscle length and EMG activity. No atrophy was induced in ankle dorsiflexors, although the growth was inhibited by suspension. Forced muscle contraction through electrical stimulation during suspension had detrimental effects generally. A suspension-related loss of water in muscles was greater than that of protein; thus the concentration of protein tended to be even elevated. The total levels of both HAD and LDH were less in the suspended than in the control muscles, having high positive correlations with the total protein content. The specific activity of HAD, but not of LDH, of suspended muscles, expressed both per g of wet weight and per mg of protein, was lower than controls.
These data suggest that the major cause of muscle atrophy and changes in metabolic properties may be a decreased tension development, not necessarily the reduction of electrical or contractile activity. Moreover, it is clearly suggested that an electrical stimulation of a muscle group with a different composition of fiber phenotype at a certain pattern or frequency is not suitable for the countermeasure. It is further indicated that the major cause of the decreased muscle weight was loss of water, even though protein content also was lowered after suspension. Furthermore, the unloadingrelated decrease in mitochondrial enzyme, HAD, was greater than that of total protein content and cytoplasmic enzyme, LDH.
